Abstract-The substrate integrated waveguide (SIW) technology allows to construct several types of commonly used antennas in a planar way. However, some practical constraints limit their performances when frequencies below 20 GHz are considered. In the case of SIW horn antennas, the available substrates are much thinner than the wavelength yielding to poor matching and undesired back radiation. In this paper, an innovative structure to overcome these limitations is presented. It consists of a transition printed on the same SIW substrate, which improves both the radiation and the matching performances of conventional SIW horns. The horn shape is also further optimized by reducing its dimensions required for a given directivity. This is obtained by modifying the horn profile in order to effectively combine different TE modes. Guidelines are provided to design this type of thin and compact SIW horn antenna. They were applied to manufacture a prototype in the Ku-band with a substrate thinner than . Measurement results validate the proposed concepts showing excellent performances.
I. INTRODUCTION
T HE substrate integrated waveguide (SIW) technology is a very promising candidate specially for systems operating in the millimeter-wave region. The most significant advantage of SIW is the possibility to integrate all the components on the same substrate, including passive components (filters, couplers, etc.), active elements (oscillators, amplifiers, etc.) as well as antennas [1] - [7] . This allows the possibility to create substrate integrated circuits (SICs).
For applications involving SICs that require vertically polarized signals radiating at the end-fire, the most commonly used antenna is a H-plane aperture or horn [8] - [11] . However, the performances of this kind of antennas diminish significantly when the substrate thickness is much smaller than the free space wavelength [12] , [13] . In general, for thicknesses smaller than , the mismatch between the antenna aperture and the air results in unwanted radiation and poor matching. This situation is frequently encountered at frequencies lower than 20 GHz. At this frequency range, most commonly available substrates are indeed thinner than . Furthermore, the existing thicker substrates are not suitable for manufacturing SIW components because the via-hole metalization is then challenging and eventually flawed. For these reasons, the SIW technology is mainly used in the millimeter-wave region.
Aiming to extend the use of SIW horn antennas below 20 GHz, we have proposed recently [13] an integrated solution to improve their reflection coefficient even when built in very thin substrates, i.e., . This solution is based on a printed transition etched after the horn aperture and does not require the use of external bulky elements. Thus, the most important features of the SIW technology, namely its compactness and ease of manufacturing, are maintained.
In this paper, this transition is used as starting point to design a new thin SIW horn antenna with radiation improvements. In particular, the transition is adapted to improve, on top of the matching, the front-to-back ratio (FTBR) . A sketch of the proposed SIW horn antenna is shown in Fig. 1 .
The paper is organized as follows. In Section II, the main radiation characteristics of horn antennas and known integrated solutions to improve their performances are reviewed. The feasibility of these solutions when using thin substrates is also discussed. In Section III, the radiation properties of a SIW horn antenna with the printed transition developed in [13] are studied and a way to improve the FTBR is proposed. The conditions to improve the FTBR and the matching are compared in Section IV and a strategy to achieve both improvements within the same frequency range is presented.
At this point, a thin SIW horn with high FTBR and good matching can be already designed. As a final improvement, a more compact and efficient horn taper is proposed in Section V. Finally, the steps to design a thin and compact SIW horn are described in Section VI and used to manufacture a prototype which confirms the theoretical and simulated values.
II. SIW HORN RADIATION CHARACTERISTICS
H-plane horn antennas are created by flaring the dimension of a rectangular waveguide parallel to the H-field, while keeping the perpendicular dimension constant. Thus, the radiation is focused in the H-plane and, as the flare angle is increased, the H-plane beamwidth becomes narrower up to a given flare. Beyond that point, the pattern starts to broaden, due essentially to the phase error across the aperture of the horn [14] .
The design rules for SIW H-plane horn antennas follow the same principles as for conventional horns and, therefore, the same strategies to improve their performances can be used. However, the constraints associated with the SIW technology described in Section I make some solutions more feasible than others.
A common way to improve the horn performances and to reduce its dimensions is to place a lens over the horn aperture. Usually, dielectric lenses are used since metal-plate lenses introduce a polarizing effect and their edges cause diffraction. In the case of SIW horns, this solution is easy to implement as the lens can be created by extending the same dielectric slab where the horn is built [9] , [10] . These horns are known as lens-corrected horns [15] , where the lens focuses the radiation frontwards increasing the FTBR and reducing the phase error. This solution provides good performances in terms of FTBR as reported in [10] . Nevertheless, for , this approach is not feasible, because the effect of the lens is then negligible.
To illustrate this limitation, the commercial full wave electromagnetic solver Ansys HFSS v13 was used to simulate the H-plane radiation patterns of a lens-corrected SIW horn with different substrate thicknesses (see Fig. 2 ). The substrate permittivity is and the horn dimensions are shown in the inset of Fig. 2 . As is reduced, the effect of the lens becomes less relevant: the beamwidth is increased (i.e., no phase correction) and the FTBR is decreased (i.e., no focusing). As expected, for a the SIW horn radiation resembles the one of a slot antenna with a low FTBR. Notice that -angles are defined in such a way that the horn front direction is and the back direction . The phase error is not a major problem because it can be solved by increasing the horn H-plane dimensions. However, the FTBR remains an important issue since the E-plane dimension cannot be increased.
Another solution which aims to improve the radiation performances of end-fire SIW antennas has been presented in [11] . In this case, the antenna directivity is increased by placing two directors after the horn aperture which focus the radiation at the E-plane. Nevertheless, a substrate of is used and, if is reduced, the radiation and matching performances degrade akin to the previous example.
The main goal of this paper is to propose an integrated solution which keeps good radiation performances even in case of thin substrates with thickness .
III. PROPOSED INTEGRATED SOLUTION FOR FTBR IMPROVEMENTS
The printed transition presented in [13] and shown in Fig. 3 (a) was specifically designed to improve the matching of thin SIW horns. This transition is etched after the horn aperture and can be seen as a concatenation of blocks, each one being a parallel plate waveguide of length separated by gaps of width . While this transition effectively improves the performances, it does not practically alter its radiation characteristics thus, resulting into a low FTBR, typically below 5 dB [13] .
In Sections IV-VII, the transition is revisited from the radiation point of view and modified to improve the FTBR.
A. Array Analogy
It is known that the radiation of a H-plane horn antenna mainly comes from the edges of the aperture that are parallel to the H-plane. In the case of the SIW horn with a 2 block transition represented in Fig. 3(a) , there are three apertures in the plane contributing to the radiation: , and (see Fig. 3(b) ). These apertures can be seen as radiating elements of an array along the axis. Then, by properly choosing the amplitudes and phases of these elements, the radiation pattern and consequently the FTBR of the SIW horn can be improved.
The gap affects the amplitudes and of the elements and : when becomes larger, radiates better, i.e., increases, but less energy arrives to the next element, i.e., decreases. There is a trade-off between no radiation (small ) and energy leakage (large ). For instance, in our case, if is too big then , and the antenna radiation will mainly depend on the element . Another extreme case would be when and are too small making then , hence being the only radiating element. The phase difference between two adjacent elements and is controlled by the length that separates both elements. Indeed, where is the propagation constant of the parallel plate waveguide. An accurate value for the effective permittivity can be obtained by using the quasi-static approximation and figures presented in [16] .
The radiation pattern of the SIW horn of Fig. 3 (a) can then be expressed using standard array theory as: (1) where denotes the radiation pattern of one element and it has been assumed that . Let us discuss the choice of that controls and . It is explained in [13] that at least one gap should be much smaller than to have a good matching at one resonant frequency. At the same time, two elements are required to have an array and thus to improve the FTBR. Therefore, since the SIW horn of Fig. 3 (a) has 2 gaps, one can choose the gap to be much smaller than for matching purposes (which also implies ) and then use the gap to control and as desired. Hence, the radiation pattern is mainly defined by the elements and . Regarding the value of , for the sake of simplicity, the same strip length is chosen for both blocks, i.e., , which yields . The effect of in the matching performances will be discussed in Section IV.
In this case, the radiation pattern of the SIW horn with a 2 block transition becomes: (2) Then, assuming that has been chosen such as , the relation found to minimize and that also maximizes the FTBR is:
Finally, the shortest length that fulfills (3) thus maximizing the FTBR of the SIW horn at the frequency is:
where denotes the speed of light in free space.
B. Validation of the Array Analogy
To validate the array analogy, a transition of 2 blocks is used to improve the FTBR of a H-plane SIW horn at . The substrate used is Rogers TMM 4 and the horn dimensions are [mm]: , , . The first step is to find the strip length that allows to maximize the FTBR. To do so, a value for of 3.83 is found with the quasi-static approximation of [16] and a length is obtained using (4) .
Secondly, full-wave simulations are needed to find the right value of that makes . Notice that there will be always a difference between and due to radiation losses and, therefore, the back radiation can be greatly attenuated but not completely canceled. Using a reasonable 15% difference between both amplitudes (similarly to the radiation losses of a microstrip gap discontinuity [17] ) a FTBR of 20.6 dB is predicted with (2) .
To illustrate the effect and importance of the gap , the simulated H-plane radiation patterns of different SIW horn configurations are shown in Fig. 4 . In particular, a conventional SIW horn and a 2 block transition SIW horn ( , ) with different (0.1 mm and 0.8 mm) are compared. As expected, a poor FTBR is achieved when no transition is used (0.8 dB) and when , i.e., equal to 0.1 mm (4.6 dB). But for an optimized value of 0.8 mm, an excellent FTBR of 19.2 dB is obtained in accordance with the predictions of our approximate array model.
The described procedure allows therefore to design the transition ( and ) in order to obtain a high FTBR. Of course, this procedure will be of real interest provided that the SIW horn can be well matched for the same transition and at the same frequency. This important point is investigated in Section IV.
IV. SIMULTANEOUS FTBR AND MATCHING IMPROVEMENT
The conditions to achieve simultaneously a good and a good FTBR are in general not compatible. This means that the frequency for which the SIW horn is well matched, , and the one for which the FTBR is high, , are different. The formula to estimate is recalled in the Appendix. To illustrate this lack of compatibility, let us consider the following practical example, where a substrate of and is used to implement a 15 GHz SIW horn of dimensions [mm]: , , . On one side, the condition to maximize the FTBR (4) gives an initial value for of 3.8 mm. After full-wave simulations, the optimum values of and are found. On the other hand, by applying these dimensions in (11), a of 17.2 GHz is predicted. To make , a length of 4.55 mm would be required, but this length would deteriorate the FTBR below 10 dB.
To confirm and quantify this lack of compatibility, the values of (4) and (11) are plotted in Fig. 5 as a function of the strip length . A 10% window around both frequencies is considered to take into account the bandwidth of the improvements. It is shown that, for a given transition, the frequency bands for and do not overlap.
A. Printed Transition With Gratings
By analyzing the expressions in (4) and (11), it can be seen that the effective permittivity of the parallel plate waveguide has a greater effect on the value of than on that of . Therefore, a way to simultaneously achieve both improvements, i.e., , is to decrease the value of . To do so, the parallel plate structure composing each transition block must be modified. Instead of using full metallic strips of width , a grating is introduced along the transversal direction .
A possible grated transition with a rectangular pattern is shown in Fig. 6 , where defines the grating periodicity and the separation between gratings. Obviously, as increases, the value of decreases. However, the value of should remain reasonably small to avoid undesired radiation. Hence, it is recommended that and . The presented rectangular gratings are applied to the previous 15 GHz SIW horn. Three versions of a 2 block transition with gaps of and are compared to show the advantages of the gratings:
• SIW horn A: Transition optimized for FTBR
• SIW horn B: Transition optimized for
• SIW horn C: Transition with gratings optimized for both FTBR and
The procedure to determine the values of and for SIW horn C consists in transforming gradually the full metallic strip into gratings. Thus, we decrease the effective permittivity until reaching the desired value that makes . Full wave simulations are needed to obtain the exact dimensions of and .
The simulated radiation patterns and the are plotted in Fig. 7(a)-(b) , respectively. As expected from (4), a high FTBR is achieved with horn A (18.6 dB) and a low one with horn B (8 dB). Concerning the , horn B is well matched at 15 GHz, but horn A is not. Horn C has the same strip length as horn B but gratings are introduced across the strips. As expected, the FTBR is greatly increased (15.4 dB) while the resonant frequency is slightly shifted but still well matched at 15 GHz. Therefore, the only horn which simultaneously presents a good and a good FTBR is the one with a grated transition, horn C.
B. Discussion on the Gratings Shape
In addition to the effect on the FTBR, the gratings also introduce other small changes in the radiation performances. Indeed, the metallic surface at the aperture is no more continuous and the amplitude distribution becomes less uniform. Hence, as it can be appreciated in Fig. 7(a) , a slightly wider beamwidth is obtained when a grated transition is used. This effect could be controlled by using non-uniform gratings to further modify the field or current distribution. The matching characteristics are also affected by the fact of not having a continuous metallic surface. In this case, the currents at the blocks' edges can follow slightly different paths, thus increasing the operational bandwidth. In Fig. 7(b) , the horn with a grated transition, horn C, achieves a bandwidth of 10.4% while exactly the same horn with a fully metallic transition, horn B, yields only 6%.
In order to further increase the bandwidth of this grated transition, the shape of the gratings can be tapered defining thus triangular gratings (see Fig. 1 ). Then, each block radiates along the taper instead of only at the edges of the parallel plates improving the matching as well as the FTBR bandwidth. For this reason, triangular gratings were chosen as the best option for the final manufactured prototype (see Section VI).
V. COMPACT HORN DESIGN
A printed transition to improve both the and FTBR of SIW horn antennas has been presented in Sections III-IV. In this Section, the design of a SIW horn more compact than conventional ones is proposed. The aim is to properly shape the horn taper to reduce both the length and the aperture width for a given directivity. Such horn can then be easily implemented thanks to the flexibility provided by the SIW technology.
A. Improvements in the Conventional Horn Performances
The structure of a conventional horn usually includes a monomode waveguide before the beginning of the taper (see Fig. 3(a) ). This waveguide is designed to completely attenuate the higher order modes, allowing only the propagation of the fundamental mode . This determines the distribution of the electric field at the horn aperture which is proportional to . Then, if the cross sectional area increases with a linear flare angle along , an spherical phase error does appear [14] .
In order to reduce the width of the horn aperture , keeping the same directivity, the phase error must be reduced and the field distribution must become more uniform. A common way to decrease is to minimize the flare angle at the aperture. Thus, the horn radiates similarly to an openended waveguide which does not present spherical error. This concept is used, for instance, in the design of profiled horns [15] .
A more uniform can be generated by properly combining the and modes. In presence of both modes, the field distribution is proportional to a linear combination of the two modes: (5) where defines the ratio between the amplitudes of the and the and their phase difference. In order for the proposed to be more uniform than a cosine function, it must strictly increase between and 0 and decrease between 0 and . This is obtained by applying the following operations: (6) (7) which provide the optimum values and . It is clearly shown in Fig. 8 that the combination generates a more uniform distribution than the alone.
B. Proposed Horn Shape
Several aspects must be considered in practice to fulfill the previous conditions for and . First, to excite both modes, and , a coaxial probe or a multilayer transition should be used, rather than a monomode waveguide. Secondly, the taper should change smoothly to minimize reflections. A possible taper that satisfies these requirements is the one following a superelliptical function:
The superelliptical function has been chosen since it inherently defines a 90 angle with respect to the aperture which helps to minimize the flare angle thus decreasing . However, other shapes could provide satisfactory results provided that the procedure described in Section V-B1 is followed.
The proposed superelliptical horn is presented in Fig. 9 . The aperture width is fixed by the desired beamwidth and the distance should be around for matching purposes, where is a guided wavelength. The taper width equal to the cut off wavelength is noted as . Therefore, from the feeding point to , the mode is attenuated defining the value of . Then, from to , the mode can propagate affecting the value of . To simultaneously fulfill the conditions of and , the taper shape can be modified by changing the parameters and in (8) . A way to find these optimum values is to monitor the and modes between the feeding point and the horn aperture.
1) A Practical Design Example:
For a horn of parameters , and , the amplitude ratio and phase difference are plotted in Fig. 10 as a function of and for different values of . It is shown that by changing and , different combinations of and are obtained. In this case, the optimal values are and . P To illustrate the importance of achieving the right and values, the electric field distribution inside two different horns is plotted in Fig. 11 . The optimal case previously found is shown in Fig. 11(a) where the wavefronts along the horn present a shape and .
as in Fig. 8 and they are in phase. Let us now assume that is reduced while keeping the same . In this case, in order to achieve , the combination and can be chosen (see Fig. 10 ). However, now equals 0.3 making the contribution of the stronger which creates two maximums in the wavefront front as shown in Fig. 11(b) .
2) Discussion on the Proposed Shape: The strategy to successfully combine the and modes is conditioned by the aperture width and the substrate permittivity . First of all, the dominant mode must not be attenuated along the taper. To ensure this, the taper width at the feeding position (see Fig. 9 ) must be wider than the cut off wavelength of the mode:
Secondly, to properly combine both modes, the mode must arrive at the aperture as a propagating mode. Hence, the aperture width must be wider than the cut off wavelength of the mode:
By comparing (9) and (10), it can be seen that (10) is always the most restrictive condition for lengths shorter than 4.4 , which includes most practical cases.
C. Compact Horn vs. Conventional Horn
In order to illustrate the compactness of the proposed horn with respect to a conventional one, let us see the size requirements for a given as a function of the desired half power beamwidth HPBW. The parameters of the compact horn in Fig. 11(a) are , and generating a pattern with . To obtain the same radiation performances with a linear horn, a width (instead of 30 mm for the compact horn) is required even when assuming that the phase error at the aperture is negligible. Therefore, in this example, the fact of combining the and modes reduces the horn width in a 9%.
When using a linear taper instead of a profiled one, the horn length must be considerably increased to also achieve a negligible [15] . In this case, a linear horn of is required being the compact horn 47% shorter.
To sum up, for the given HPBW and , the use of a superelliptical horn instead of a linear conventional horn halves the antenna surface (52% of surface reduction).
VI. PROTOTYPE DESIGN AND MEASUREMENTS
A sectoral H-plane SIW horn antenna using the triangular grated transition and the superelliptical taper was built to validate the proposed concepts. Design steps to determine the SIW horn geometry are provided along with measurements.
A. SIW Horn Design Steps
A central frequency (Ku-band) was selected for our prototype. The substrate used is a Rogers TMM3:
and . The working frequency band is defined by the following requirements:
, and H-plane . The steps to design the SIW horn are the following: Fig. 12 . Coaxial-to-SIW transition with the associated notations.
• Compact Taper 1) Given the HPBW, the horn aperture width is calculated assuming an as in (5) with and .
2) The conditions (9) and (10) are checked to verify that the proposed superelliptical taper can be applied for the given and . If not, a substrate with a higher permittivity must be chosen. 3) Knowing , the procedure described in Section V-B is applied to determine the values for and .
• Printed Transition 1) To simultaneously improve the FTBR and the at a given central frequency , a printed transition of 2 blocks is used. 2) To obtain , the strip length is found using (4) . Simulations are needed to find the right value for as well as to optimize the value of .
3) The values of and are applied in (11) to check if also .
4) If
, the grating strategy presented in Section IV-A is implemented. After following these design steps, the geometrical parameters fully defining our antenna (Fig. 1) are given in Table I . According to [1] , the separation between via holes was chosen to be 1.1 mm for a hole diameter of 0.6 mm in order to keep the SIW radiation losses reasonably low.
B. Feeding System
A coaxial probe placed at the beginning of the taper is used to feed the antenna (Fig. 12) . A coaxial-to-SIW transition with electric coupling is chosen since, in the case of thin substrates, this type of transition offers better performances than the magnetic one [18] . Thus, a ring-slot of width is inserted between the current probe and the top copper layer. The circle of diameter denotes the opening at the bottom copper layer where the connector is placed.
In this feeding structure, the dimensions , and strongly depend on the type of connector. In our case, the connector used is a 22 SMA-50-0-6/111NE and, after an optimization process, the following values are found [mm]: , , , . 
C. Measurements
The manufactured prototype is shown in Fig. 13 is also obtained (see Fig. 14) . Furthermore, the bandwidth of the antenna extends from 14.1 to 16.6 GHz defining a relative 16% bandwidth.
The addition of the proposed transition does not affect the typical behavior of horn antennas in terms of beamwidth. Indeed, the HPBW of the manufactured prototype only slightly changes from 46 to 43 as the electrical length of the aperture increases with the frequency. The simulated and measured gain of the antenna as a function of the frequency is plotted in Fig. 15 showing a measured gain at of 7.1 dB.
VII. CONCLUSIONS
The SIW technology offers very interesting possibilities to build H-plane horn antennas. However, the thickness of the SIW substrate is limited both by the reduced availability of thick substrates and by practical constraints in the technologies used to drill metallized via-holes. In general, good SIW performances call for substrates of at least thick and, with the current available substrates, this puts around 30 GHz the lower frequency where SIW horns can be properly used. When SIW horns are built in thinner substrates, not only a strong mismatch between the antenna aperture and the air appears, but also the resulting antenna behaves like a slot antenna with a FTBR ratio near to unity. This paper solves simultaneously both problems by introducing an innovative structure, which can be seen as a metallic grating integrated in the same SIW substrate as the horn antenna. By modelling this grating structure with a combination of transmission line and array theories, simple analytical design rules can be developed to fully characterize the needed geometry and to reasonably predict the antenna electromagnetic performances. The proposed antenna is further optimized by reducing its required dimensions for a given directivity. This is obtained by cleverly modifying the horn profile and by a departure from the traditional SIW waveguide terminated in a linear flared horn. Here, the inherent flexibility of SIW technology is used to develop a superelliptical taper for the horn. When combined with a coaxial excitation, a proper combination of TE modes is excited, leading to a more uniform distribution of fields in the SIW horn aperture and thus to unrivalled directivity vs. size properties.
The whole combination of improvements opens the door to the use of SIW horns at Ku-band and below. As a conclusive demonstration, a prototype has been designed following the guidelines developed in this paper and built using standard substrates and technologies. The novel SIW horn has transverse dimensions of and is thinner than . Despite this miniaturization, it exhibits excellent electromagnetic properties. The matching is better than in the design frequency band (14.2-15.4 GHz) and it can even be extended to a relative 16% bandwidth. The radiation pattern remains reasonably constant over the whole band with a half power beamwidth of 45 and a FTBR better than 15 dB.
In summary, the excellent performances of this prototype, together with its simple and low-cost construction, pave the way for a new family of SIW horns with a working range extended towards lower frequencies.
APPENDIX
The resonant frequency of SIW horn antenna with a 2 block transition is estimated by [13] : (11) where is a coupling factor given in [13] . Typically, a maximum bandwidth of 10% is achieved with this type of transition.
